Generalized planar fault energy (GPFE) curves are widely used to evaluate the deformation behavior of metals and alloys. In the present work, a systematic analysis of the microscopic plastic deformation mechanism of face-centered cubic Al in comparison to Cu was conducted based on GPFE curves generated via first-principles calculations. Focus has been put on the effects of Mg impurities in terms of local concentration and local atomic arrangement nearby the deformation plane, upon the GPFE curve of Al, with the aim to investigate the twinnability of Al-Mg alloys subjected to plastic deformation. It is found that Mg exhibits a Suzuki segregation feature to the stacking fault of Al, either intrinsic or extrinsic. Mg atoms residing in the stacking fault plane can decrease the intrinsic stacking fault energy c ISFE and enhance the twinning propensity of Al. However, the c ISFE value does not decrease monotonically with increasing Mg concentration in the alloy, and a continuous twinnability increase with increasing Mg content is not observed. It is also seen that different local concentrations and atomic configurations of Mg atoms in the vicinity of deformation plane could yield a large variation of c ISFE and the twinning propensity of Al. It is proposed that Mg alloying cannot substantially enhance the twinning propensity of Al alloys.
Introduction
With a good combination of formability, high specific strength, weldability, and corrosion resistance, aluminum alloys are widely applied in transportation sectors. In order to further increase the strength of aluminum alloys, various severe plastic deformation (SPD) strategies such as equal-channel angular pressing (ECAP) [1, 2] , high pressure torsion (HPT) [3, 4] , dynamic plastic deformation (DPD) [5] have been applied to attain ultra-fine-grained (UFG) or even nanocrystalline (NC) structures. Nevertheless, most of the UFG or nanostructured metals and alloys processed by SPD methods possess poor ductility. It has been found that the nanotwin structures can significantly increase the strength without sacriin coarse-grained Al alloys during plastic deformation. This has been attributed to the high intrinsic stacking fault (SF) energy c ISFE and a high ratio between unstable twinning fault energy c UTFE and unstable SF energy c USFE . Promisingly, Mg has been reported to be a potential alloying element to reduce c ISFE in Al [8] . Using the Layer Korringa-Kohn-Rostoker methodology, Schulthess et al. [9] calculated the c ISFE of disordered Al-Mg alloys and showed a nearly linear decrease of c ISFE with increasing Mg content (below 40 at.% Mg). The c ISFE values of different AlMg alloys, determined by different experimental methods also show that c ISFE decreases significantly with increasing Mg content in the alloys, e.g., for a Al-3.59 at.% Mg alloy, c ISFE has been determined as low as 54 mJ/m 2 [10] , which is even comparable to that of pure Cu. By fitting the experimentally determined c ISFE values, Morishige et al. [10] , proposed an empirical equation to address the Mg concentration effect on c ISFE in Al-Mg alloys. Mg alloys with high Mg contents do exhibit some special deformation behaviors. For instance, unlike the wavy glide in pure Al and most other Al alloys, Al-Mg alloys show a planar glide behavior [11, 12] during plastic deformation. By the high strain rate DPD technique, a significant fraction of incoherent twin boundaries could be generated in a coarse grained Al-7 wt% Mg alloy [13] . However, coherent deformation twins have rarely been observed in AlMg alloys, except for under some extreme conditions. For instance, Gray [14] observed deformation twinning in Al-4.8 wt% Mg alloy subjected to shock loading (strain rate *10 7 s -1 ) at a low temperature of -180°C. Then a question arises: Can Mg addition dramatically decrease c ISFE , and therefore, make twinning the dominant deformation mechanism in Al-Mg alloys? Due to the difficulty in accurate determination of c ISFE through experiments [15] , more reliable investigation approaches are needed to calculate the Mg concentration effect on c ISFE of AlMg alloys.
Fortunately, we can turn to first-principles calculations which were proved to be a powerful tool in many research fields [16, 17] , to accurately quantify this material parameter based on the concept of generalized planar fault energy (GPFE), firstly put forward in 1970s by Vítek [18] , which actually represents the energy penalty per area induced by the rigid shift of two parts of the crystal via the displacement vector f [19] . To be specific, f is mostly set along the \112[ direction in {111} slip planes for fcc metals. Four typical energy points would be encountered along the GPFE displacement path, with the first three extremal points indicating c USFE , c ISFE , c UTFE , and the last point as the twinning fault (two-layer micro-twin) energy c TFE , which is also interpreted as the extrinsic SF energy c ESFE [20] . Extensive efforts have been dedicated to the investigation of GPFE curves to probe the propensity for formation of dislocations, twinning nucleation, as well as the deformation mechanisms in NC materials, e.g., nc Al, Ni, and Cu [8, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . It is showed that c ISFE alone is not a fully adequate parameter to evaluate the twinnability of metals and alloys. Particularly, the incorporation of GPFE curves with analytical models can help to comprehend and predict many experimental phenomena associated with dislocations, such as Peierls stress [21, 22] , deformation twinning stress [26, 37] , and plastic deformation regimes [20, 38] . All these works validate the high efficiency of GPFE in describing nucleation, formation of dislocations, as well as the competition between different deformation regimes.
Using GPFE calculated by density functional theory (DFT), Muzyk et al. [8] predicted a reduced c ISFE and c UTFE /c USFE with one Mg atom substituting an Al atom at the deformation plane in a 48-atom Al matrix, thus concluded that Mg alloying can promote twinning in Al. However, a more detailed investigation of the Mg concentration effect on GPFE in Al-Mg alloys is missing. A systematic study on the effect of the concentration and the local arrangement of Mg atoms in the vicinity of the deformation plane on the twinning tendency of Al-Mg alloys is also needed. In light of the above considerations, first-principles calculations are thus initiated with the aim to investigate the impurity effect of Mg on the GPFE of Al, so as to probe the twinnability and deformation behavior of Al-Mg alloys.
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Computational methodology
All the calculations in the present work were performed based on the first-principles plane wave pseudopotential method as implemented in the highly efficient Vienna ab-initio simulation package (VASP) [39, 40] . Electron-ion interactions were treated with the full-potential frozen-core projector augmented wave (PAW) method [41, 42] . The generalized gradient approximation (GGA) of PerdewBurke-Ernzerhof (PBE) [43] was selected for the exchange-correlation functions. A cutoff of 350 eV was employed in all the calculations to insure the total energy differences were less than 1 meV/atom. Following the Monkhorst-Pack scheme [44] , a k-points sampling of 13 9 7 9 1 together with the linear tetrahedron method including Blö chl corrections [45] was adopted for the reciprocal-space energy integration in the Brillouin zone (BZ). The convergence criteria of 10 -6 eV and 10 -4 eV/Å were employed for electronic self-consistency and ionic loop, respectively, in the relaxation process.
To find the energetically favorable distributions of Mg in the Al matrix, a 48-atom supercell as illustrated in Fig. 1a was adopted to investigate the binding energy of Mg-Mg pairs in the Al matrix. By setting Mg at different positions (see Fig. 1a ; Table 1 ) for substitution, the binding energies of Mg-Mg pairs at different neighboring states can be evaluated in terms of the following equation:
Specifically, E Fig. 1b) . To obtain the whole GPFE curve, two separate displacing operations of the slab model along the \112 [ direction had to be enforced. In each operation, the final displacement distance was the Burgers vector of a partial dislocation, which is a 0 = ffiffi ffi 6 p , with a 0 as the lattice constant of the Al crystal. In the first displacing step, layers numbered as 1-6 in onehalf of the crystal were displaced to form a SF. In the second, based on the previously formed SF configuration, layers numbered from -1 to -5 in the lower part of the crystal were displaced in the opposite direction. A conjugate-gradient relaxation algorithm was adopted to attain the equilibrium state of different configurations. The atomic positions were selectively allowed to relax in the direction perpendicular to the SF plane. Energies of the different configurations along the GPFE curve were calculated using Eq. (3) [47] :
in which E faulted f ! is the total energy of the supercell with a fault vector f ! , E perfect represents the total energy of the perfect stacking slab, and A is the area of the fault plane. based approaches have been adopted to evaluate c ISFE , (i) direct approach, which is the direct estimation of the energy penalty between the perfect stacking and the SF structures; (ii) slab shear deformation, a commonly used approach to determine the GPFE, which is enforced via the rigid relative displacement of two parts of a slab configuration; (iii) alias shear deformation, including pure alias shear and simple alias shear, used by Ogata et al. [23] and Jahnátek et al. [29] . Different approaches may provide slightly different c ISFE . Besides, the different pseudopotentials as used in the calculations (cf. Table 3 , best agreement can be found between present work and the results by Asadi et al. [33] , and Hunter and Beyerlein [36] . It is worth noting that one should be careful with direct comparison between the GPFE from first-principles calculations and experiments, since experimental measurements are usually carried out at room temperature while first-principles calculations refer to 0 K. The GPFE curve in fcc metals characterizes the energy penalty to displace the (111) planes relative to neighboring (111) planes along the \112 [ direction. Many works done before confirm that c ISFE alone is not sufficient to understand the underlying mechanisms of deformation processes [20, 38] . Instead, several features of the full GPFE curves are needed to determine the plastic deformation mechanisms of materials, and to predict the propensity for formation of SFs, nucleation of dislocations, and deformation twins. It is generally believed that three distinct deformation mechanisms exist in fcc metals: twinning (TW), SF, and full slip (FS) [38] . To compare the deformation mechanism in Al and Cu, their GPFE curves, including TW, SF, and FS, are shown in Fig. 2a, b , respectively. The first extremal point along the GPFE curves of Al and Cu indicates c USFE , i.e., the energy barrier which has to be overcome to nucleate a leading partial dislocation (usually from a grain boundary). An intrinsic SF will be left behind after The energies are in mJ/m 2 the nucleation of leading partial dislocation. The second energy extremal point defines the intrinsic SF energy c ISFE . After the nucleation of a leading partial dislocation, a competition exists between the three possible deformation mechanisms. The pre-deformed crystal can nucleate a trailing partial dislocation to form a full dissociated dislocation (FS), or nucleate a twin partial dislocation in an adjacent plane to form a two-layer micro-twin (TW), or nucleate another leading partial dislocation in a non-adjacent plane to form another SF, which is actually the successive generation of SFs. The third energy extremal point along the TW deformation mode is interpreted as c UTFE , corresponding to the energy barrier to nucleate a twinning partial dislocation. After the nucleation of twinning partial dislocation, a two-layer micro-twin or equivalently an extrinsic SF will be created, of which the configuration energy is identified as c TFE or c ESFE , correspondingly.
Results and discussion

GPFE curves of Al in comparison to Cu
In recent years, different parameters have been proposed to predict the predominant deformation mechanism especially twinability in metals, based on GPFE. Rice [51] , and Tadmor and Hai [52] developed important criteria which have been widely accepted and employed to evaluate the deformation mechanism competition between FS and TW, based on c ISFE /c USFE and c UTFE /c USFE . A deformation mechanism by FS is more energetically favorable if the values of c ISFE /c USFE are close to unity; on the contrary, when these parameters are far from unity, formation of partial dislocations and twins would be expected. In addition, Tadmor and Bernstein [53, 54] proposed another approximate criterion to evaluate the twinnability, which quantifies the propensity of fcc metals to undergo deformation twinning based on the number and strength of active twinning systems in terms of c USFE, c ISFE , and c UTFE :
A larger s a indicates an increased tendency for twinning. A simpler expression to evaluate twinnability is d = c UTFE -c USFE , i.e., a smaller d means increased susceptibility for twinning.
Based on the GPFE of Al and Cu and the above criteria, it is possible to analyze the competition between FS, TW, and SF in Al and Cu. As can be seen in Fig. 2a, b , it is difficult to activate the SF deformation regime in both Al and Cu, since the energy barrier is higher for SF formation than that of FS and TW. It follows in Tables 2 and 3 that Cu has a much smaller c ISFE /c USFE value than Al, and therefore has a larger tendency to nucleate leading partial dislocations during deformation. A negative correlation should be expected for c UTFE /c USFE and s a , since a high propensity for deformation twinning is characterized by a large (small) s a (c UTFE /c USFE ). Indeed, this is exactly what is seen in the case of Cu. Along the GPFE curves of Al and Cu in Fig. 2a, b it is evident that after the nucleation of a leading partial dislocation it is much easier for Al to emit a trailing partial dislocation to form a complete perfect dislocation, thus entering the 'perfect dislocation'-FS deformation regime. A higher value of c UTFE -c USFE for Al means a larger energy barrier for twin nucleation, which hinders the pre-existing SF configurations to enter the twinning deformation regime. Cu is on the other hand displaying a much smaller c UTFE -c USFE , so that deformation twinning is much more energetically probable. Recently, Jo et al. [38] proposed the intrinsic slip barrier, defined as c d = c ISFE /(c USFE -c ISFE ), to classify the deformation characteristics of materials. For fcc metals having 0 \ c d \2, both twinning and FS can be activated during plastic deformation, while for metals possessing c d [ 2, deformation will be governed by FS. Based on the GPFE obtained in the present work, we obtain a c d value of 0.335 for Cu, implying a combined deformation regime of TW and FS. However, the corresponding value for Al is c d = 4.07, which means that FS will be the dominant deformation mechanism-all consistent with the analysis based on s a and c UTFE /c USFE .
Effect of Mg alloying on GPFE of Al and Suzuki segregation of Mg in Al
In order to evaluate the effect of solute Mg on the GPFE curve of Al, we substituted one Al atom with a Mg atom in the SF plane (layer 0 in Fig. 1b, site 1 in Fig. 1c) Table 4 , and the corresponding GPFE curve of Al is shown in Fig. 3 Table 4 ). However, we do not see an increased tendency for formation of partial dislocations induced by Mg alloying since it has nearly the same c ISFE /c USFE as pure Al. In most previous simulation works evaluating the alloying effect of GPFE, the solute atoms are placed in the SF plane. This is based on the Suzuki segregation, a well-known phenomenon of impurity solutes segregating toward SFs. However, the detailed mutual interactions between solutes at different layers and SFs are scarcely considered. It has been revealed recently that the Suzuki effect is not a universal phenomenon for any elements and some solute elements even exhibit anti-Suzuki segregation characteristics in some alloy systems [56] . Actually, the Suzuki segregation is practically determined by the interaction energy between SFs and solute atoms, which is defined as the energy difference between the SF configuration when a solute atom resides in the nth atomic layer from the fault plane and the pure SF configuration. This interaction energy can be evaluated based on the following equation [57] :
where E SolÀn SF is the total energy of the SF with the solute atom residing in the nth atomic layer from the fault plane. E SolÀn PS is the energy of a model with perfect stacking and one solute atom. E SF and E PS are the total energies of the SF and perfect stacking configurations without solute atoms. It is interesting to note that E n int The subscript numbers in the ''Occupation'' column correspond to the atomic positions as defined in Fig. 1c for different Mg substitutions Figure 3 The effect of a single substitutional Mg solute on the GPFE curves of Al. The Mg solute is placed in the stacking fault plane, with a planar concentration of 12.5 at.%.
can also be interpreted as the segregation energy of solutes to the SF; a negative value of E n int indicates the solute atom will prefer to segregate to the SF. E n int is not limited in the SF plane, and has a spatial distribution in the vicinity of the fault plane. This characteristic energy distribution would lead to the spatial concentration profile of the solutes near the SF defect. The layer-by-layer equilibrium concentration of solutes in the vicinity of the SF at finite temperature T can be predicted from the following equation [58] :
where c n ð Þ is the solute concentration in the nth atomic layer. c 0 is the nominal concentration far from the SF, k B is the Boltzmann constant.
To get insight into the Suzuki effect of Mg in Al, the layer-by-layer interaction E n int between Mg and intrinsic as well as extrinsic SF are calculated and the results are presented in Fig. 4a , with layers numbered according to the labeling in Fig. 1b . It can be seen that E n int only extends a couple of atomic layers away from the SF plane, i.e., two layers for intrinsic SF, three layers for extrinsic SF, and diminishes at longer distances. A negative E n int at the SF plane indicates that Mg is attracted to SF, either intrinsic or extrinsic, exhibiting a Suzuki segregation feature. The more negative the E n int value is, the higher tendency is for Suzuki segregation. Furthermore, the interaction is stronger between Mg and the extrinsic SF than the intrinsic SF, suggesting a stronger segregation tendency of Mg toward the former. A small energy barrier can also be seen at layers -2 and 3 for intrinsic SF in Fig. 4a , revealing a slightly activated Suzuki segregation feature [56] . In addition to the energies barriers indicated in Fig. 4a (which only present energies of Mg residing on stable lattice sites), diffusion toward the SF would also involve overcoming the activation energy of transition states in vacancy-mediated diffusion [59] . This was implemented through a diffusive molecular dynamics technique based on the embedded atom method by Dontsova et al. [58] , which yielded results in reasonable correspondence with the present work. It is interesting to see that the effective barrier for Suzuki segregation of Mg toward the extrinsic SF is relatively large, due to the large energy barriers involved in moving from layers -2 and 2 to layers -1 and 1, respectively, as shown in Fig. 4a . This suggests the difficulty for Mg to diffuse/segregate to extrinsic SF than to the intrinsic to alter their energy state, due to the larger kinetic barrier. Figure 4b presents the spatial equilibrium concentration profile of Mg near the SF as evaluated from Eq. (6) with a nominal concentration of c 0 = 1 % and room temperature T = 300 K. Local enrichment of Mg at the SF region induced by Suzuki segregation is observed both for intrinsic and extrinsic SFs. As for the intrinsic SF, the atomic layers representing the fault planes (layers 0 and 1 in Fig. 1b) have the highest concentration of Mg. A slightly decreased concentration of Mg can be seen at the planes adjacent to the fault plane. This behavior is in good agreement with the enrichment of Mg near the intrinsic SF simulated by Dontsova et al. [58] . When we turn to the extrinsic SF, an oscillatory concentration distribution with three peak concentrations of Mg near the SF region is observed. It is worth noting that Eq. (6) is only valid at low c 0 , since solute-solute interactions would be decisive for the local Mg distribution at high c 0 .
Effects of varying Mg concentrations on the GPFE curve of Al
To study the dependence of the GPFE of Al on the Mg concentration, different numbers of Mg atoms were introduced to substitute Al atoms in the Al slab matrix. Several different configurations were introduced, based on the binding energies between Mg atoms in Al (see Table 1 ) and the fact that the Mg-SF interaction only extends a couple of atomic layers from the fault plane. Complete layer substitution of Mg solutes was avoided, since repulsive interactions encourage the Mg atoms to be spatially distributed, as evidenced in the previous section. Moreover, to avoid an asymmetrical impact on the GPFE, we kept the Mg atoms symmetrically distributing in the vicinity of deformation plane. We considered one model with 2 Mg solute atoms (Al 94 Mg 2 ), four with 3 (Al 93 Mg 3 ), two with 4 (Al 92 Mg 4 ), and four models with 6 solute atoms (Al 90 Mg 6 ). These models correspond to an overall concentration of 2.08, 3.13, 4.17, and 6.25 at.% Mg, respectively, in bulk Al. The detailed Mg atomic occupations of these configurations are summarized in Table 4 with occupation numbers referring to Fig. 1c .
The obtained GPFE values from these simulations are listed in Table 4 , and the corresponding GPFE curves are presented in Fig. 5 -1, the extra two Mg atoms were set to occupy sites 5 and 7 in layers 1 and -1 (see Fig. 1c ) as the 2nn and 2nn' to the Mg atoms in the fault plane. In the Al 92 Mg 4 -2 model, the extra two Mg atoms were placed in sites 9 and 11 in layers 2 and -2 (Fig. 1b) as 4nn, 4nn' to Mg in the fault plane. As can be seen in Table 4 Table 4 ). The results are shown in Fig. 5e , f, and Figure 5 The effect of Mg concentration and configuration on the GPFE curves of Al. The Mg distributions at various concentrations near the fault plane in the perfect stacking configurations are as indicated. For a detailed description of the Mg configuration in all these models, please refer to Table 4 . Figure 6 The calculated intrinsic stacking fault energy, c ISFE , as a function of the Mg concentration for Al x Mg y models.
high s a . It indicates that the higher the c UTFE -c USFE , the lower the twinnability parameter of s a is, and vice versa. The close correspondence between s a and c UTFE -c USFE presented in Fig. 7a confirms their mutual consistency as predictive parameters for the twinning propensity of fcc metals. The twinnability s a of Al x Mg y models is displayed as a function of Mg concentration in Fig. 7b . Clearly, a continuously increasing s a with the Mg concentration is not observed. As can be seen, s a increases up to the peak value at a Mg content of 3.13 at.%, while it decreases when moving to higher Mg concentrations. Also, it can be noted that not all the Al x Mg y models possess higher twinnability than pure Al. Similar to the effect on c ISFE , the local concentration and local atomic arrangement of Mg solutes near the deformation plane have a strong influence on the twinnability, which consequently, produces several s a values even for the same Mg concentration.
Without considering the effect of mutual interactions of Mg solutes at higher concentrations, Muzyk et al. [8] used the GPFE and predicted that Mg alloying can promote twinning in Al. Nevertheless, we find that though under certain local arrangements, Mg solutes do increase the twinnability of Al. However, the highest increased twinnability found in our study (0.919 for the Al 93 Mg 3 -1 model) is still much less than that of pure Cu (s a = 1.036), which is an indication that the potential of enhancing the twinning tendency of Al by Mg alloying is quite limited. This may give the implication that Mg alloying will not play that important a role as we formerly envisage for the fabrication of nanotwins in UFG aluminum alloys. Thereby, this limited role in enhancing twinnability of Mg solutes can serve to explain the fact that twinning has been difficult to achieve and has been scarcely reported in previous papers on Al-Mg alloys, even when subjected to various SPD techniques like ECAP [1, 2, 61] , HPT [3] , and DPD [5] .
Conclusion
In the present work, GPFE curves of face-centered cubic Al were calculated using first-principles calculations based on the slab shear methodology. A systematic analysis of the competition between different microscopic plastic deformation regimes (including twinning, SF, and full slip) of Al in comparison to Cu was conducted based on the calculated GPFE curves.
With the aim to investigate the twinnability and variation of the intrinsic SF energy c ISFE of Al-Mg alloys subjected to plastic deformation, a systematic investigation of the effect of Mg impurities upon the GPFE curve of Al was conducted with the aid of firstprinciples calculations. An activated Suzuki segregation behavior was established for the interactions between Mg solutes and SFs in Al, either intrinsic or extrinsic. Consistent with the previous experimental and theoretical reports, Mg solutes were found to decrease the c ISFE of Al. However, we have demonstrated that this decreasing effect is not so significant as that determined in experiments or theoretical predictions, and does not increase monotonically along with increasing Mg content. Furthermore, the effect of Mg alloying on deformation twinning in Al depends on the local concentration and configuration of Mg atoms around the deformation plane. Some specific distributions of Mg solutes near the deformation plane enhance the twinnability of Al, but the enhancement is limited. To sum up, Mg alloying is predicted in the present work as not so effective in the stacking fault energy (SFE) engineering of Al alloys and a substantial increase of twinning propensity of Al via Mg alloying cannot be expected.
